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Disorders of human communication abilities can be classified
into speech and language disorders. Speech disorders (e.g.,
dyspraxia) affect the sound generation and sequencing,
while language disorders (e.g., dyslexia and specific language
impairment, or SLI) are deficits in the encoding and decoding
of language according to its rules (reading, spelling, grammar).
The diagnosis of such disorders is often complicated, especially
when a patient presents more than one disorder at the same
time. The present review focuses on these challenges. We have
combined data available from the literature with an in silico
approach in an attempt to identify putative miRNAs that may
have a key role in dyspraxia, dyslexia and SLI. We suggest the
use of new miRNAs, which could have an important impact
on the three diseases. Further, we relate those miRNAs to the
axon guidance pathway and discuss possible interactions and
the role of likely deregulated proteins. In addition, we describe
potential differences in expressional deregulation and its role
in the improvement of diagnosis. We encourage experimental
investigations to test the data obtained in silico.

Introduction

Disorders of human communication abilities are generally clas-
sified into speech and language disorders. Speech disorders (e.g.,
dyspraxia) affect the sound generation and sequencing, while
language disorders (e.g., dyslexia and specific language impair-
ment [SLI] are deficits in the encoding and decoding of lan-
guage according to its rules (reading, spelling, and grammar).
The diagnosis of such disorders often presents significant chal-
lenges in how often the affected children present otherwise a
normal development. The situation is further complicated in
distinguishing speech from language disorders in individuals
affected by both speech and language disorders. To date, sev-
eral target genes associated with dyslexia, SLI and dyspraxia
have been identified by a number of studies.”” Common genes
associated with dyslexia include GC-Rich Sequence DNA-
Binding Factor 2 (C207f3), Doublecortin Domain Containing
2 (DCDC2), Dyslexia Susceptibility 1 Candidate 1 (DYXICI),
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Dyslexia-Associated Protein KIAA0319 (KIAA0319), Dyslexia-
Associated Protein KIAAO0319-Like Protein (KIAA0319L),
Mitochondrial Ribosomal Protein L19 (MRPLI19), and
Roundabout Axon Guidance Receptor Homolog 1 (ROBOI).
Genes associated with dyspraxia include N-Acetylglucosamine-
1-Phosphodiester Alpha-N-Acetylglucosaminidase (NAGPA),
Forkhead box protein P2 (FOXP2). Genes associated with
SLI include Contactin-associated protein-like 2 (CNTNAP2),
ATPase Ca** Transporting Type 2C Member 2 (AT7P2C2) and
C-Maf Inducing Protein (CMIP).* The identification of novel
biomarkers, however, would be crucial for a better understand-
ing of the affected molecular pathways and for improvement of
dyslexia, dyspraxia, and SLI diagnosis in affected individuals.
The present review focuses on this problem. Using data con-
cerning deregulated proteins in dyslexia, dyspraxia, and SLI,
we aim at identifying miRNAs associated with dyslexia and/
or dyspraxia, and SLI and finding possible new biomarkers use-
ful for diagnosis and distinction of these disorders. In recent
years, research throughout the world focused much on the roles
of miRNAs in the most different physiological processes. miR-
NAs are a group of small non-coding RNAs (18-25 bp after
maturation). They are known to perform a unique task of post
transcriptional gene regulation by causing, depending on vari-
ous grades of complementarities, protein synthesis blocking or
mRNA degradation.’ Since their discovery, miRNAs have been
known to regulate the expression of a large number of proteins;
it is now thought that they could regulate up to 30% (or even
more) of the human genome. Despite their important physi-
ological and pathological roles, miRNAs could play a relevant
role in diagnosis and prognosis of a large number of diseases, as
the qualitative and quantitative miRNA composition varies in
different tissues and depends on the health status. A great advan-
tage in the research of miRNAs for prognostic and diagnostic
purposes comes from a variety of software available online. In
recent years, different algorithms have been developed to pre-
dict the role of miRNAs expressed in humans, Drosophila, and
plants, among other organisms. In order to identify mRNA
targets common to more than one miRNA in faster and more
efficient ways, and to identify new miRNAs modulated in spe-
cific pathways, we have developed a computer program named
SID1.0 (simple String Identifier) and successfully applied it in
the identification of deregulated miRNAs.? This simple program
of string identification has proven to be a very useful tool for
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predicting miRNAs involved in pathogenesis, thereby represent-
ing a potential tool in diagnostics and clinical monitoring. From
a general stand point, SID1.0 simply implements an exhaustive
search strategy. Its merit relies upon the biological application.
As far as we know, this is the first software designed to filter data
retrieved from available databases (e.g., TargetScan, miRanda,
RNAhybrid, PicTar, DIANA-MicroT 3.0), allowing the recov-
ery of additional information not directly available from the
providers.

Genes Known for their Association
with Speech and Language Disorders

From the literature, several genes appear to be altered in dyslexia
(C2orf3, DCDC2, DYXICI, KIAA0319, KIAA0319L, MRPLI9,
ROBOI), dyspraxia (NAGPA, FOXP2), and SLI (CNTNAP2,
ATP2C2, CMIP). The function of C207f3 is still not known;
however, it is highly expressed in the brain. MRPLI9, a gene
located in the same locus as C207/3 on chromosome 2, seems to
participate in mitochondrial energy metabolism and its expres-
sion is associated to dyslexia as well.* DCDC2 and KIAA0319
are located on chromosome 6. DCDC2 has recently been shown
to affect ciliary signaling and, when overexpressed, to alternate
the morphology of ciliated neurons.> KIAA0319 has been shown
to be under expressed in dyslexia and seems to be involved in
neuronal migration, so that its decreased levels cause a morphol-
ogy change in migrating neurons.® KIAA0319L, a homolog of
KIAA0319, could play a similar function in dyslexia; however,
its role remains unclear” DYXICI is one of the main candi-
date genes to be altered in dyslexia.® Similarly to other candi-
date genes involved in dyslexia, DYXICI plays a role in neuronal
migration, being required for the transition out of the multipolar
stage of migration.” ROBOI has also been described as a candi-
date dyslexia gene; however, its involvement might be restricted
to specific genotypes and isolated cases. ROBO! is a member of
the immunoglobulin gene superfamily. Its function is related
to axon guidance and neuronal precursor cell migration, as
it is activated by SLIT proteins, resulting in a repulsive effect
on glioma cell guidance in the developing brain.’® Concerning
dyspraxia, two main candidate genes have been described.
NAGPA encodes a N-acetylglucosamine-1-phosphodiester a-N-
acetylglucosaminidase that is a component of the lysosomal
enzyme-targeting pathway and cleaves a-N-acetylglucosamine
moieties uncovering mannose-6-phosphate moieties and target-
ing the processed enzymes to the lysosomes.!! FOXP2, mostly
known as a marker for dyspraxia, encodes for a transcriptional
regulator controlling neuron growth and differentiation.'? Three
candidate genes, CNTNAP2, ATP2C2, and CMIP, have been
described for SLI. CNTNAP2 encodes a contactin-associated
protein-like 2 with functions in cell adhesion. Interestingly,
CNTNAP2 is known to be downregulated by FOXP2."> CMIP
and ATP2C2 are located on chromosome 16. The precise func-
tions of CMIP in the brain, however, are not clear, as CMIP
presents different splicing isoforms and is predominantly known
as part of the T-cell signaling pathway."* ATP2C2 encodes the
secretory pathway Ca?*, Mn?* transporting ATPase (SPCA2)

1024 Epigenetics

and its alteration could affect the translocation of enzymes to the

lysosomes."

Identification of Putative miRNAs Associated with
Speech and Language Disorders by SID1.0 Analysis

From the TargetScan database, we obtained the predicted miR-
NAs for the above-described target genes.'® The predicted miR-
NAs are indicated with a specific gene ID system (Refseq ID).
For each target gene, a data set (i.e., a group list of Refseq IDs)
of the predicted targeted miRNAs was created. Since a visual
inspection of the IDs would be unpractical, due to their large
number (in some cases IDs could be in the thousands), they have
been automatically indexed using a program written in Fortran
that looks for Refseq IDs shared by the predicted target genes of
the different data sets. SID1.0 is based on an algorithm of sequen-
tial exhaustive search that has been implemented in Fortran 90
using a straightforward approach.> SID1.0 performs an exhaus-
tive search within each individual one-column ASCII input file
and reports the result (i.e., the number of common targets) on
an ASCII output file in the form of a table that summarizes the
common IDs. Thus, the main advantage of SID1.0, which works
as a filter on the information provided by the web pages hosting
the miRNA databases, is that it is completely independent from
the algorithms on which the databases rely upon. In this way,
our procedure builds upon the prediction algorithms used in the
databases, whose outputs are scrutinized by SID1.0. This latter,
has been developed and tested in a Mac OS X environment, and
is currently compiled using the Gnu Fortran compiler. For each
gene, a data set of the miRNAs predicted to target a gene was cre-
ated. Furthermore, for a defined miRNA name, target genes can
be automatically retrieved from the DIANA-microl 3.0 data-
base. A list of gene names or a list of RefSeq IDs are provided and
the program translates them into Ensembl IDs."”

Common miRNAs Associated
with Speech and Language Disorders

By using our SID1.0 predicting tool, we identified the common
miRNAs corresponding to the above described target genes.
These miRNAs are shown in Table 1." hsa-miR-548¢-3p was the
only miRNA found in common to all the dyslexia genes. Different
common miRNAs were found in dyspraxia (hsa-miR-182; hsa-
miR-34¢-5p; hsa-miR-34a; hsa-miR-449a; hsa-miR-449b; hsa-
miR-1271; hsa-miR-96; hsa-miR-9; hsa-miR-647; hsa-miR-604;
hsa-miR-214; hsa-miR-657) and in SLI (hsa-miR-1207-5p; hsa-
miR-188-3p; hsa-miR-1225-3p; hsa-miR-299-3p). As indicated
by these results, there were no common miRNAs between all
the genes analyzed. When we tried to combine the analysis of
all these groups we found that some of the previous miRNAs
were common to most of the genes analyzed. Combining dyslexia
and dyspraxia genes, hsa-miR-548¢-3p was the most common
miRNA. The same miRNA was obtained by combining dyslexia
and SLI genes, but also by combining all the groups. Differently,
hsa-miR-1207-5p was the most common miRNA in the com-
bination of dyspraxia and SLI genes. These results suggest that
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hsa-miR-548¢-3p is specifically modulated in dyslexia with
speech and language disorders and that hsa-miR-1207-5p is only
modulated in speech and language disorders.

New Putative Genes Involved in Speech
and Language Disorders and Related
to the Axon Guidance Pathway

The identification of novel biomarkers is crucial to understanding
the molecular pathways affected in dyslectic individuals and to
diagnose this disorder. Many of the already known genes involved
in speech and language disorders (such as ROBO-1, KIAA0319,
and FOXP2, among others) are related to neuronal development
and axon guidance. Apparently of central importance, the axon
guidance pathway could include other key genes also important
in language and speech disorders. Having identified a new set
of miRNAs possibly involved in dyslexia, dyspraxia, and SLI,
we wanted to identify new candidate genes involved in specific
language and speech disorders. Using the DIANA-mirPath data-
base (DIANA LAB), we identified axon guidance pathway genes
that could be involved in dyslexia, dyspraxia, and SLI (Table 2).
Among them, two miRNAs were chosen for their representative
role. The first, hsa-miR-548¢-3p, was the only miRNA common
to all the dyslexia genes, and also common to the combination of
dyspraxia and SLI genes. The second, hsa-miR-1207-5p, was the
most common miRNA in the combination of dyspraxia and SLI
genes. The miRNAs identified above could be mostly related to
different target genes of the axon guidance pathway, which are
not targeted by all the diseases in the same way (Fig. 1).

Worth mentioning are the SLIT (Slit Homolog) proteins,
SLIT 2, and SLIT 3, whose expression appears to be altered in
all three diseases. SLIT 2 seems to act as molecular guidance cue
in cellular migration and to be essential for midline guidance
by acting as a repulsive signal, preventing inappropriate midline
crossing of axons."” The same seems to be valid for SLIT3.2° The
SLIT proteins further activate ROBOI (a member of the immu-
noglobulin gene superfamily that has already described to be
modulated in dyslexia). The activation of this receptor results in
a repulsive effect on glioma cell guidance in the developing brain.
ROBOI1 may silence the effects of NTN1 (Netrin 1) by forma-
tion of a complex with DCC (deleted in colorectal carcinoma).
On the other hand, it may also activate srtGAPs. Two of the
stGAP proteins (GTPase activating proteins) are in fact modu-
lated by the identified miRNAs. StGAP2 seems to be implicated
in all the three diseases, while stGAP3 seems to be specific only
to dyspraxia and SLI. Both may attenuate RAC1 (Ras-Related
C3 Botulinum Toxin Substrate 1) signaling and regulate actin
dynamics for cell migration and differentiation. They also play
an important role in both axons and dendrites outgrowth, and
in the maturation of dendritic spines. In addition, they stimulate
the branching of the leading process, negatively regulate neuron
radial migration in the cerebral cortex, and may have implica-
tions for cognition, learning, and memory.?*

Another important group of target genes include netrins and
their related target proteins. NTNGI (Netrin Gl1) is impor-
tant for the three diseases and implicated in axon and dendrite
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Table 1. Common miRNAs (RefSeq ID) of dyslexia, dyspraxia, and SLI
genes

Target genes Common miRNAs Context
score
Dyslexia
C2orf3 hsa-miR-548¢-3p >-0.01
DCDC2 —-0.05
DYX1C1 >-0.01
KIAA0319 >—0.01
KIAA0319L >-0.01
MRPL19 —0.04
ROBO1 -0.19
Dyspraxia

NAGPA hsa-miR-182 -0.22
FOXP2 hsa-miR-34c-5p -0.17
hsa-miR-34a -0.17

hsa-miR-449a -0.17

hsa-miR-449b -0.17
hsa-miR-1271 >-0.02

hsa-miR-96 —0.04

hsa-miR-9 >-0.01

hsa-miR-647 -0.12

hsa-miR-604 —-0.06

hsa-miR-214 -0.15

hsa-miR-657 —-0.09

SLI

CNTNAP2 hsa-miR-1207-5p —-0.02
ATP2C2 hsa-miR-188-3p -0.10
CMIP hsa-miR-1225-3p -0.09
hsa-miR-299-3p >—0.01

Dyslexia + Dyspraxia (8/9 genes) hsa-miR-548c-3p
hsa-miR-548c-3p
hsa-miR-1207-5p

hsa-miR-548¢c-3p

Dyslexia + SLI (9/10 genes)
SLI + Dyspraxia (4/5 genes)

Dyslexia + SLI + Dyspraxia
(10/12 genes)

We report target genes (first column), common miRNAs (second col-
umn), and context score (third column). More negative context scores
indicate sites predicted to be in more favorable contexts for miRNA
recognition.’® The analysis was performed combining genes implicated
in dyslexia, dyspraxia, and SLI and showed common miRNAs to almost
all the genes. The database used for this analysis was TargetScan.

outgrowth. NTN1 seems to be deregulated only in dyspraxia.
NTNI in association with either DCC or UNCS5 receptors leads
to axon attraction or repulsion, respectively, and serves as a sur-
vival factor via its association with its receptors, which prevent the
initiation of apoptosis.** Of the UNCS5 family (Unc-5 Homolog),
two receptors, UNC5A (dyspraxia and SLI) and UNC5D (all
three diseases) are targeted. They both mediate axon repulsion
in growth cones, caused by their association with DCC that may
trigger signaling for repulsion.” DCC, another netrin recep-
tor protein, targeted probably only in dyspraxia, mediates axon
attraction of neuronal growth cones in the developing nervous
system via RACI (targeted in dyspraxia), NCK2 (NCK Adaptor

Epigenetics 1025

Do not distribute.

I0Science.

©2013 Landes B



Table 2. Axon guidance pathway modulated by the identified miRNAs

Axon guidance target genes

Dyslexia

EPHA3, NTNGT, ABLIM3, PLXNA1, EPHB2, MET, SRGAP2, SLIT3, SEMA4C, UNC5D, MAPKT, EFNA4, PAK2, PPP3CA, NFATS, SLIT2

Dyspraxia

EFNB2, ABLIM1, GNAI3, ROCK1, LICAM, EFNAS5, EPHAZ, CFL1, RACT, PPP3CA, RASA1, SEMA5A
GNAI2, ABLIM1, MET, SEMA4C, SEMA4F
EFNB2, ABLIM1, GNAI3, ROCKT, LICAM, EFNA5
EFNB2, ABLIMT, GNAI3, ROCKT, L1CAM, EFNA5
SRGAP3, PLXNA2, NTNGT1, EPHB2, SEMA6D, EPHA7, NRP1, PAK4, PAK2, PAK6, DCC, EPHB4, EFNAT
DPYSL2, SEMA4D, PAK6

DPYSL2

SRGAP3, SEMAG6A, GNAI2, LIMK2, SEMA3D, SEMA5A, NTN1
SRGAP3, DPYSL2, MET

SLI

SRGAP3, GNAI2, ABLIM3, CFL1, UNC5A, EFNBT

SRGAP3, PLXNAT
NCK2, EPHA7

Dyslexia + Dyspraxia
EPHA3, NTNGI, ABLIM3, PLXNAT, EPHB2, MET, SRGAP2, SLIT3, SEMA4C, UNC5D, MAPK1, EFNA4, PAK2, PPP3CA, NFATS5, SLIT2

Dyslexia + SLI

EPHA3, NTNGT, ABLIM3, PLXNA1, EPHB2, MET, SRGAP2, SLIT3, SEMA4C, UNC5D, MAPK1, EFNA4, PAK2, PPP3CA, NFATS, SLIT2

Common miRNAs

hsa-miR-548c-3p

hsa-miR-182
hsa-miR-34a
hsa-miR-1271
hsa-miR-96
hsa-miR-9
hsa-miR-647
hsa-miR-604
hsa-miR-214
hsa-miR-657

hsa-miR-1207-5p
hsa-miR-188-3p
hsa-miR-299-3p

hsa-miR-548c-3p

hsa-miR-548¢c-3p

Group 3: SLI + Dyspraxia

SRGAP3, GNAI2, ABLIM3, CFL1, UNC5A, EFNBT

hsa-miR-1207-5p

Dyslexia + SLI + Dyspraxia

EPHA3, NTNGT, ABLIM3, PLXNA1, EPHB2, MET, SRGAP2, SLIT3, SEMA4C, UNC5D, MAPK1, EFNA4, PAK2, PPP3CA, NFATS, SLIT2

hsa-miR-548¢c-3p

We report target genes of the axon guidance pathway (in the first column) modulated by the common miRNAs (second column). We indicate only the
axon guidance target genes of the involved miRNAs. The database used for this analysis was TargetScan.

Protein 2; targeted in SLI), and the ABLIM (Actin Binding
LIM) proteins. ABLIMI may be targeted only in dyspraxia, while
ABLIMS3 appears to be targeted in all three diseases; both medi-
ate interactions between actin filaments and cytoplasmic targets
important in axon attraction.”® Furthermore, DCC, via PP2BA
(Protein Phosphatase 3, Catalytic Subunit, Alpha Isozyme) (all
three diseases) induces NFATS5 (all three diseases), a member
of the nuclear factors of activated T-cell family of transcription
factors.

Semaphorins and their related pathways seem to be modu-
lated predominantly in dyspraxia. In fact, only the semaphorin
SEMA4C may be modulated in all three diseases, while the
semaphorins likely modulated in dyspraxia include SEMA3D,
SEMA4F, SEMS5A, SEMAGA, and SEMAGD. Semaphorins
act through various semaphorin co-receptors, also suppos-
edly modulated in the three diseases. While PLXNAI1 (Plexin
Al) seems to be modulated in all the three diseases, PLXNA2
(Plexin A2) seems to be modulated only in dyspraxia, both play
a role in axon guidance, invasive growth and cell migration.
Importantly, MET (Mesenchymal epithelial transition factor),
NRP1 (Neutrophilin 1), LICAM (L1 Cell Adhesion Molecule),
and RACI, implicated in the semaphorin signaling may also be
modulated exclusively in dyspraxia. MET is a receptor tyrosine
kinase that transduces signals from the extracellular matrix into
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the cytoplasm, regulating many physiological processes including
proliferation, scattering, morphogenesis, and survival. MET may
interact with the PLXNB receptors and activate RAC signaling.?’
NRP1 (neuropilin 1) may bind many ligands and co-receptors,
semaphorins being one group of those. It may mediate the che-
morepulsant activity of semaphorins (semaphorin 3A).% LICAM
is an axonal glycoprotein belonging to the immunoglobulin fam-
ily. It has an important role as a cell adhesion molecule and plays
an important role in neuronal migration and differentiation.”
RACI is a GTPase that belongs to the RAS superfamily of small
GTP-binding proteins, as mentioned above, and plays a central
role in axon guidance, as it may regulate cytoskeletal reorgani-
zation, axon attraction, and repulsion. Some of its targets have
been already described above, and include the ABLIM proteins,
leading to axon attraction. Another group of proteins activated
by RACI includes the PAK proteins, a family of serine/threo-
nine p2l-activating kinases, which are critical effectors that link
RACI to cytoskeleton reorganization and nuclear signaling. Two
PAK (p21 activated kinase) proteins, however, are likely addi-
tionally modulated by miRNAs in dyspraxia (PAK 4 and PAK
6) and one in all the three diseases (PAK2). PAK2 plays a role in
a variety of different signaling pathways including cytoskeleton
regulation, cell motility, cell cycle progression, apoptosis or pro-
liferation.?® PAK4 is a mediator of filopodia formation and may
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play a role in the reorganization of
the actin cytoskeleton. It phosphory-
lates the protein phosphatase SSH1
(inactivation) and the LIMK kinases
(activation), leading to increased

Netrins

inhibitory phosphorylation of the
actin binding/depolymerizing factor
cofilin and to stabilization of actin
filaments. PAK4 further regulates
cell motility, the assembly of focal

Semaphorins

adhesions, and actin stress fibers.?
PAKG interacts with the androgen
receptor and inhibits androgen medi-

ated gene transcription.’? The kinase
LIMK?2 itself seems to be modulated
in dyspraxia. As mentioned previ-
ously, it is phosphorylated by PAK or
ROCK and, in turn, it phosphory-
lates cofilin (CFL1), inhibiting its
actin-depolymerizing activity. It is
thought that this pathway contrib-

Ephrines

okin

—————————————————————— —» Axon outgrowth

Ige)::teptor SN 7’
Interactions‘_‘_"‘\___’ GNAI2 }
- GNAI3

» | NFATS - Transcription

> IABLIM1 I E .

S Axon attraction
ABLIM3 | ¥ A

PAK2
P }—
PAke ||

Y
i[umkz JH[crr )
]

- X vy

;- Regulation

of actine
cytoskeleton
v

Axon repulsion

utes to the reorganization of the actin

cytoskeleton.?® Cofilin may be mod-
ulated in dyspraxia and SLI. Cofilin
is a widely distributed intracellular

Figure 1. Targets of the axon guidance pathway, possibly modulated by miRNAs in dyslexia (green bar),
dyspraxia (red bar), and SLI (blue bar). The interactions are based on hsa04360 KEGG pathway descrip-
tion (http://www.genome.jp/dbget-bin/www_bget?pathway+hsa04360) and literature (see section 5).

actin-modulating protein that binds
and  depolymerizes filamentous

F-actin and inhibits the polymerization of monomeric G-actin
in a pH-dependent manner. It is involved in the translocation of
the actin-cofilin complex from cytoplasm to nucleus.** DPYSL2,
a member of the collapsin response mediator protein family, may
be altered in syspraxia and is already known to be altered in vari-
ous neurological diseases (e.g., Alzheimer disease). This protein
facilitates neuron guidance, growth, and polarity, and promotes
microtubule assembly. It is part of semaphorin class 3 signaling
and is required for growth cone collapse and also synaptic signal-
ing through interactions with calcium channels.”

Ephrins are a group of proteins that seem to show more varia-
tions in expression among the three disorders. Ephrins and eph-
rin-related receptors comprise the largest subfamily of receptor
protein-tyrosine kinases and are implicated in nervous system
development. Based on their structures, ephrins are divided into
EFNA, which are anchored to the membrane by a glycosyl-phos-
phatidyl-inositol linkage, and EFNB, which are transmembrane
proteins. EFNA4 may be deregulated in all three disorders, and
is crucial for migration, repulsion and adhesion during neuronal
development.®** EFNBI (Ephrin Bl) plays a role in constrain-
ing the orientation of longitudinally projecting axons and may
be deregulated in SLI and dyspraxia, while EFNA1, EFNAS,
and EFNB2 seem to be modulated in their expression only in
dyspraxia.?”” Further targets in the ephrin signaling include the
ephrin receptors. The ephrin receptors are divided into two
groups based on the similarity of their extracellular domains and
their affinities for EFNA or EFNB. In our analysis, four ephrin
receptors seem to be modulated in the disorders, two of them,
EPHA3 and EPHB2, in all three disorders and two of them,
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EPHA7 and EPHB4, only in dyspraxia. EPHA3 binds pre-
dominantly EFNA5S and plays a role in the segregation of motor
and sensory axons during neuromuscular circuit development.?®
EPHB2 is involved in the guidance of commissural axons that
form a major interhemispheric connection of the cerebral cor-
tex.”” EPHA7 binds predominantly EFNAS5 and their interaction
regulates brain development, having a repellent activity on axons
and being able to induce caspase 3 dependent apoptosis. EPHA7
may induce different MAPK signaling pathways.** EPHB4 binds
predominantly EFNB2. EPHB4-mediated signaling controls cel-
lular repulsion and segregation form EFNB2-expressing cells.”!
As it has been seen before, EPHA receptors may activate MAPK
signaling. However, MAPKI is likely modulated by miRNAs in
all three disorders. MAPK1 is a member of the MAP kinase fam-
ily and may act as an integration point for multiple biochemical
signals. The activation of this kinase requires its phosphoryla-
tion by upstream kinases. After activation, this kinase moves to
the nucleus and phosphorylates nuclear targets. Serine/threonine
kinases act as essential components of the MAP kinase signal
transduction pathway and may affect different cellular functions
such as cell growth, adhesion, and cytoskeletal rearrangements.*?
Further targets, not directly included in the previously described
networks, are RASA1, a GTPase activating protein modulated
in dyspraxia, and two G proteins, GNAI2 and GNAI3, the first
modulated in SLI and dyspraxia and the second only in dyspraxia.

In summary, many targets of the axon guidance pathway,
specifically of the netrin, semaphorin, and ephrin signaling, may
be modulated in dyslexia, dyspraxia, and SLI. Furthermore, it
should be noted that target distribution is not uniform among
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Figure 2. Targets of the axon guidance pathway likely altered in dyspraxia. The comparison
of Figure 2 with Figure 1 denotes the possible importance of semaphorin signaling in the
pathology of dyspraxia, while ephrin and netrin signaling are present too. As can be seen, the
pathways lead to a favoring of axon repulsion through the PAK kinases and to axon attraction
through RACT1; therefore, possible loss of balance between axon repulsion and axon attrac-
tion could be the result of deregulated expression of the semaphorin signaling.

predictions of TargetScan database and
SID1.0, a software specifically developed to
interrelate database data. We were able to iden-
tify new miRNAs with putative important
roles in the alteration of specific target gene
expression, for the three disorders. Further
experimental validation of these new miRNAs
will be of great interest to further understand
the pathophysiology and epigenetics of speech
and language disorders and the potential dif-
ferences in miRNA profiles that could lead
to a better diagnostic approach. The new
miRNAs have been further investigated in
an in silico analysis of targets involved in the
axon guidance pathway. A number of targets
could be identified that are involved mostly
in netrin, ephrin, and semaphorin signaling.
A clear involvement of these targets in axon
guidance should be of big interest to further
investigate and validate the alteration of these
targets in specific speech and language dis-
orders. Our analysis suggests differences in
expression alterations among dyslexia, dys-
praxia, and SLI. Our data suggest that sema-
phorin signaling seems predominantly altered
only in dyspraxia. The data obtained are

the three diseases. In fact, our investigation has identified a good
number of targets that appear to be specifically modulated in
dyspraxia, which could be further investigated and validated
and could be of great interest in better understanding the differ-
ences between the different speech and language disorders and
in the development of better and more specific diagnostic tools.
Figure 2 summarizes the target genes (and their interactions) that
could be specifically altered in dyspraxia. As it can be seen, sema-
phorin signaling and, partly, ephrin signaling seem to form the
core of alterations, suggesting that a variety of semaphorins are
altered in dyspraxia, an assumption that needs to be further con-
firmed by comparing with other speech and language disorders,
and that could be of great importance for a better understand-
ing of the specific pathophysiology of dyspraxia. Future target
validation of additional putative miRNA targets could hopefully
clear the remaining question marks and missing connections and
enable a better understanding of speech and language disorders.

Conclusions

In the present review we aimed to identify miRNAs that may
have a key role in dyspraxia, dyslexia, and SLI, using miRNA
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